Introduction
A ceramic nanocomposite fuel cell (CNFC) is an emerging fuel cell technology that utilizes materials from solid oxide fuel cell (SOFC) and molten carbonate fuel cell (MCFC) technologies and operates at lower temperature (400 o C-600 C) [1e4] . The performance of the conventional SOFCs is limited below 650 C due to low ionic conductivity of the electrolyte material, yttria-stabilized zirconia (YSZ) [5, 6] . On the other hand, the degradation of the electrode materials at 650 C is a serious issue for MCFC [7e9] . The CNFC overcomes these challenges by using the composite electrolyte with improved ionic conductivity and the composite electrodes for device operation [10, 11] . A variety of materials, lanthanum strontium manganite (LSM), lanthanum strontium cobaltite (LSC), lanthanum strontium ferrite (LSF), lanthanum strontium cobalt ferrite (LSCF), barium strontium cobalt ferrite (BSCF), lithiated NiO, etc, have been reported for cathode application of a CNFC [4,12e15] . Whereas, only fewer materials, NiO, LiNiZn-oxide, ZnO/NiO, are available for anode application [1,2,16e19] . The anode material is required to be an excellent catalyst for hydrogen oxidation reaction and resistant to any degradation. Nickel oxide and lithiated nickel oxide are the most commonly used catalyst materials for CNFCs. However, the nickel based anodes have low tolerance for H 2 S containing fuels and degrade due to the formation of nickel sulphide and the physical adsorption of sulphur that blocks the reaction sites at anode [20, 21] . Furthermore, these anodes are prone to coking when hydrocarbons and alcohols are used fuels, which can cause deactivation of reaction sites and even may lead to the mechanical damage. A copper based anode has been reported as a coking resistant material [22] . In another study, addition of La 2 O 3 in NiO based anode improved the cell performance and stabilized the anode against NiO coarsening [23] . Similarly, copper oxide and zinc oxide have been reported to improve the performance of the nickel based electrodes [24, 25] and also to decrease the solubility of nickel oxide in molten carbonate solution [26] . Therefore, a multi-oxide anode material is expected to improve the performance and stability of a CNFC.
In our previous study [27] , we reported a LiNiCuZn-oxide as a potential electrode material for CNFC application and performed the material characterization. Symmetric cells were fabricated using this electrode material and electrochemical response was measured in air at 550 C to study the oxygen reduction reaction (ORR). The performance of this potential electrode material at anode has not been studied yet and warrants a detail investigation as an anode material. Moreover, it is essential to study the performance under real fuel cell operation conditions (i.e. fuel at anode and oxidants at cathode).
In this work, a composite of LiNiCuZn-oxide with a ceriacarbonate electrolyte material is investigated as an anode material in the complete fuel cell devices. The CNFCs were fabricated using a nanocomposite electrolyte consisting of calciumsamarium co-doped cerium oxide and a eutectic mixture of sodium, lithium and potassium carbonate, prepared through a co-precipitation method. A composite of conventional LSCF was used as the cathode material. A detailed electrochemical analysis of the device is supplemented with comprehensive characterization of the materials (see Fig. 1 ).
Experimental section

Materials and fabrication
All the chemicals were purchased from Sigma Aldrich. The calcium and samarium co-doped ceria nanopowder was synthesized by a co-precipitation method. First, the materials Ce (NO 3 ) 3 Finally, the gold paste was applied on both sides of the electrolyte pellets for current collection.
The nanoparticles of LiNiCuZn-oxide were synthesized by a slurry method. First, the materials including LiNO 3 (2.07 g),
) and citric acid (10.5 g) were added in the deionized water and mixed with the help of a planetary ball milling machine for 1 h at 200 rpm. After mixing, the solution was simultaneously stirred and evaporated on a hotplate at 120 C till a slurry-like mixture is formed. Afterwards, the slurry-like mixture was first heated in an oven at 400 C for 1 and then calcined at 700 C for 1 h to produce metal oxides.
Finally, the mixture was milled for 1 h in a planetary ball milling machine operating at 200 rpm and then ground for half an hour in a mortar to get the nanopowder of LiNiCuZnoxide.
Composite anode and cathodes materials were prepared by mixing the LiNiCuZn-oxide and lanthanum strontium cobalt ferrite (LSCF) with the electrolyte powers, a binder and a pore former through solid route. The composition of the anode material was 50 wt% LiNiCuZn-oxide, 35 wt% electrolyte material, 7.5 wt% ethyl cellulose (EC) and 7.5 wt% polyvinyl alcohol (PVA). Similarly, the cathode material consists of 50 wt % LSCF, 35 wt% electrolyte material, 7.5 wt% of EC and 7.5 wt% PVA. The fuel cell pellets were made by placing the anode, electrolyte and cathode powders sequentially into a 13 mm die and pressed with a pressure of 250 MPa for 2 min. The pellets were sintered at 690 C for an hour. Gold paste was applied on both sides of the fuel cell pellets to improve the electrical contact for fuel cell measurements.
Characterization
An XRD unit (PANalytical X'Pert PRO MPD, Rigaku Smarta) was used to measure the crystal structure of the materials. The measurements were conducted on the powder materials at room temperature using Cu Ka 1 radiation (45 kV and 40 mA; l ¼ 1.5406 A). Probostat electrochemical measurement station from NorECs Ltd. was used to perform the electrochemical measurements. The cells were sealed using a ceramic Fig. 1 e Schematic structure of a ceramic nanocomposite fuel cell.
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adhesive material (Ceramabond 552, Aremco) to avoid any gas mixing between the outer and inner chamber of the probe. After the test arrangements were ready, the probostat was placed in a furnace and electrochemical measurements were performed using a Zahner Elektrik's IM6 impedance measurement unit. The ionic conductivity of the nanocomposite electrolytes was measured using electrochemical impedance spectroscopy (EIS) in air for a temperature range from 250 C to 700 C.
The EIS measurements were conducted at open-circuitvoltage (OCV) condition using an AC amplitude of 20 mV and a frequency range of 100 mHz to 100 kHz. The current densityvoltage (IV) and current density-power density measurements (IP) of the cells were performed at 450 C, 500 C and 550 C in the presence of H 2 at anode and air þ CO 2 at cathodes. The EIS measurements of the cells were performed at OCV at 550 C in the presence of H 2 at anode and air þ CO 2 at cathodes. The Brunauer-Emmett-Teller (BET) analysis (Micromeritics TriStar 3020) and scanning electron microscopy (SEM, Zeiss Sigma VP) were performed to measure the surface area of the porous electrodes, and the morphological properties of the nanocomposite electrolyte and the electrode, respectively.
Results and discussion
Characterization of nanocomposite electrolyte and electrode material
The crystal structures of the CaSm co-doped CeO 2 electrolyte and LiNiCuZn-oxide nanomaterials synthesized through the co-precipitation and slurry methods, respectively, were studied through XRD. The XRD measurement of CaSm codoped ceria powder revealed peaks at the 2q ¼ 28. The SEM measurements were performed to study the morphology of the nanocomposite anode and electrolyte in the CNFC. Fig. 3a shows a porous network of composite nanomaterials at the anode. The average size of LiNiZn-oxide particles were found to be around 60 nm. In Fig. 2a , the size of the particles varies from up to 200 nm due to the formation of clusters. Fig. 3b shows a highly dense nanocomposite electrolyte. Both the co-doped ceria particles and the amorphous carbonate phase are visible in the image. The size of the oxide particles varies between 50 and 80 nm. The BET analysis revealed a high surface area (4.1 m 2 /g) of the anode. Since the electrochemical performance of the CNFC depends on the interfaces and the morphology of these composite materials, the porous structure of the composite electrode and the dense uniform mixture of the oxide and carbonate phases in the electrolyte, anticipate efficient reaction kinetics at the anode and high ionic conductivity of the nanocomposite electrolyte, respectively. The porous network of the electrode materials have been reported to facilitate the mass transfer which improved the reaction kinetics at the surface of the electrodes [28] . The dense electrolytes prevent gas crossover through the electrolyte layer and improved the interfaces between the doped ceria particles and the amorphous carbonate phase, which is crucial for the efficient ionic transport in the electrolyte layer [29, 30] . i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 4 3 ( 2 0 1 8 ) 1 2 7 9 7 e1 2 8 0 2
The ionic conductivity of the CaSm co-doped CeO 2 and (NaLiK) 2 CO 3 nanocomposite electrolyte was measured at temperatures from 250 C to 700 C using EIS and the values obtained are presented in Table 1 . Fig. 4 shows the Arrhenius plot of its ionic conductivity, which consists of three distinct regions. In the first region, which consists of temperatures below 350 C, the plot was quite linear in the natural logarithmic scale. In this region, the ionic conductivity was dominated by the conduction of oxygen ions through the bulk of the co-doped cerium oxide [3, 31] . In the second region, which consists of temperatures between 350 C and 450 C, the ionic conductivity increased dramatically. This dramatic increase in the ionic conductivity around 400 C was related to the melting of the alkali carbonates which enables alternative conduction channels for the ionic transport in the electrolyte layer [1, 2] . In the thrid region which is beyond 450 C, the rate of increase in the ionic conductivity decreased and followed a linear curve in the natural logarithmic scale. This increase in ionic conductivity is related to the mobility of the charge carriers [1, 2] . Fig. 4 shows the activation energy (23.9 kJ mol -1 ) calculated from Arrhenius equation for the temperatures in this region, which is also the operating temperature of the CNFCs. Ionic conduction in these nanocomposite electrolytes is quite complex as they exhibit multipolar ionic conduction of native (Li [32] . Transport of each of these ions contributse to the total ionic conductivity of the electrolyte. In order to study the contribution of the individual ion types, methods like electromotive force (EMF) [32] need to be applied to determine their ionic transport numbers. There are 4 different parallel channels for ionic transport in the electrolyte in this temperature region as suggested in the previous studies [3, 31] : i) through the bulk of oxide phase, ii) through the bulk of molten carbonate phase, iii) through the interface between the oxide phase and the molten carbonate phase, iv) combination of channels (ii) and (iii). Most likely, the conduction channels (ii-iv) dominate the major ionic transport in the electrolyte layer.
For the sake of comparison we measured the ionic conductivity of the CaSmeCeO 2 electrolyte pellet, which gave a value of 0.038 S/cm at 550 C, which is quite to the value reported in the literature 0.039 S/cm at 600 C [33] . The ionic conductivity significantly increased to 0.24 S/cm with the addition of (NaLiK) 2 CO 3 as shown in Table 1 . The ionic and electronic conductivity of LiNiCuZn-oxide was measured using EIS since these properties affect the catalytic properties of the electrode material. We found an ionic conductivity of 0.02 S/cm and an electronic conductivity of 9.83 S/cm at 550 C. To improve the ionic conductivity of the electrode, a composite of the LiNiCuZn-oxide and nanocomposite electrolyte was used as the electrode material. In our previous studies on LiNiCuZn-oxide material we reported lower polarization losses in the cells prepared with the slurry Fig. 3 e SEM images of the nanocomposite (a) electrode and (b) electrolyte materials. Table 1 e Values of ionic conductivity of the nanocomposite electrolyte from 250 C to 700 C. The Arrhenius plot of the ionic conductivity of nanocomposite electrolyte is shown in Fig. 4 . 
) as compared to the cells prepared with the solid state method (0.31 U cm 2 ) [27] . Therefore, slurry method was chosen to prepare nanomaterials of the LiNiCuZn-oxide material in this study.
Characterization of nanocomposite fuel cell . This high performance of the cells is a result of efficient ion transport in the electrolyte and reactions kinetics at the electrodes.
The EIS measurements were performed to further understand the impedance losses in the electrolyte and the electrodes of the cell. The EIS response of the cell is shown in Fig. 6a . The EIS curves were fitted to an equivalent circuit model shown in Fig. 6b , where R electrolyte and L1 represent the ohmic resistance of the cell and the inductance of the measurement setup, respectively. The R1 and CPE1 represents the impedance due to the charge transfer reactions at the electrodes. The other two pair of R-CPE circuits represents the impedances due to the processes related to mass transfer at the electrodes and electrolyte/electrode interfaces. These parameters of the equivalent circuit model were used to fit the data and their values are shown in Table 2 . Due to the long wire of the measurement setup, the inductance was very high (0.59 mH). The ohmic resistance of the cell, which was mainly dominated by the resistance of the electrolyte, was 0.238 U cm 
Conclusions
LiNiCuZn-oxide prepared through a slurry method is successfully demonstrated as a potential alternative material for CNFC application. Using this material, an excellent fuel cell performance of 1.03 W/cm 2 was achieved at 550 C, which is quite close to the value 1.1 W/cm 2 previously reported using NiO based anode [1] . The polarization losses at the electrodes were low (0.124 U cm 2 ) due to the effective reaction kinetics and mass transfer at the electrodes. The detailed microscopic analysis revealed a porous well connected network of particles at the electrode. The XRD analysis revealed the characteristic peaks of LiNiCuZn-oxide. C, 500 C and 550 C. Fig. 6 e a) EIS response of the cell measured at 550 C using a frequency range of 100 mHz to 100 kHz, and b) An equivalent circuit model to fit the EIS response of the cell. 
